Introduction {#sec1}
============

In recent years, superhydrophobic and superoleophobic surfaces have attracted increasing interest because of their broad applications in liquid repellence,^[@ref1]^ self-cleaning coating,^[@ref2],[@ref3]^ droplet manipulation,^[@ref4]−[@ref6]^ oil/water separation,^[@ref7]−[@ref11]^ submarine drag reduction,^[@ref12]^ antifogging/icing,^[@ref13]−[@ref16]^ anticorrosion,^[@ref1]^ water harvesting,^[@ref17],[@ref18]^ cell engineering,^[@ref19]−[@ref21]^ lab chip,^[@ref22],[@ref23]^ and so on. A wide range of superhydrophobic and superoleophobic materials have been developed by the combination of proper surface microstructure and chemical composition.^[@ref24]−[@ref31]^ However, natural or artificial superhydrophobic and superoleophobic surfaces can only repel either water solutions or oils, but not polymers. Compared to water and oil solutions, liquid polymers usually have a more complex composition, lower fluidity, and higher viscosity. Moreover, many liquid polymers can be transformed into the solid state, different from water and oil liquids. There are few surfaces that can repel liquid polymers.^[@ref24]−[@ref27]^

Polymers have been widely used in various manufacturing industries, agriculture, national defence, and our daily lives. Some polymers have liquid states. For example, the uncured polydimethylsiloxane (PDMS) mixture of prepolymer and curing agent is in the liquid state.^[@ref32],[@ref33]^ After curing at high temperature, it solidifies and its shape is formed permanently. Preventing the adhesion between liquid polymers and a solid substrate is important in polymer casting industry, polymer preparation, and three-dimensional printing technology. Following the definition of "super-hydro-phobicity" and "super-oleo-phobicity", we coin a new term "super-polym-phobicity" ("polym" is usually short for "polymer") to characterize that the contact angle (CA) of a liquid polymer droplet on a solid substrate is larger than 150°. However, the fabrication of superpolymphobic surfaces still remains a great challenge.

In this paper, hierarchical micro- and nanostructures were prepared on a wide range of materials by femtosecond laser processing, including silicon, glass, stainless steel, Al, and Cu. The wettabilities of underwater liquid PDMS droplets on the laser-structured surfaces were investigated. The resultant surface shows excellent underwater superpolymphobicity and has the ability to repel liquid PDMS in water. Such underwater superpolymphobicity is caused by the underwater Cassie wetting behavior between PDMS droplets and surface microstructures.

Experimental Section {#sec2}
====================

Femtosecond Laser Treatment {#sec2.1}
---------------------------

Femtosecond laser processing is widely applied in the formation of micro/nanoscale structures on a solid substrate and controlling the wettability of material surfaces.^[@ref34]−[@ref43]^ A Ti:sapphire femtosecond laser system was utilized to induce micro/nanostructures on the surface of different substrates, including silicon, glass, stainless steel, Al, and Cu. The experimental setup for ablating a sample surface by femtosecond laser is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The sample with initial smooth surface was mounted on a program-controlled translation stage. The laser beam (with the pulse width of 67 fs, the center wavelength of 800 nm, and the repetition rate of 1 kHz) was vertically focused onto the front surface of the samples by a plano-convex lens (focal length of 250 mm) in air. The size of the focused laser spot was about 100 μm. The typical line-by-line laser scanning manner was used ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The laser power, the scanning speed, and the space/interval of the laser-scanning lines were set constantly at 500 mW, 2.5 mm s^--1^, and 60 μm, respectively, in this experiment. The femtosecond laser-treated samples were finally cleaned with alcohol and distilled water, respectively.

![(a) Schematic of the experimental setup. (b) Line-by-line laser-scanning manner.](la-2019-010639_0001){#fig1}

Characterization {#sec2.2}
----------------

The surface morphology of the samples after femtosecond laser treatment was observed by a scanning electron microscope (S-4100, Hitachi, Japan) and a laser confocal microscopy (VK-9700, Keyence, Japan). The wettabilities of in-air water droplets and underwater liquid PDMS droplets (∼10 μL) on the sample surfaces were investigated by a contact-angle measurement (SL2000KB, Kino, America). Regarding the underwater wettability, the samples were fixed in a man-made glass container which was filled with distilled water. The uncured liquid PDMS was prepared by mixing the PDMS prepolymer and curing agent (v/v = 10:1) (DC-184, Dow Corning Corporation).

Results and Discussion {#sec3}
======================

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the morphology of a femtosecond laser-ablated silicon surface. The laser-treated silicon surface is characterized by hierarchical rough micro/nanostructures. A large number of micro-protuberances and micro-holes periodically distribute themselves on the resultant surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). The sizes of the micro-protuberances and micro-holes are 40--60 μm. There are abundant nanoparticles with the diameter of a few tens of nanometer decorating on the surface of the micro-protuberances ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d).

![Microstructure of a laser-treated silicon surface. (a) Laser confocal microscopy image. (b--d) Scanning electron microscopy images of the laser-ablated silicon surface.](la-2019-010639_0002){#fig2}

The formation of the micro/nanoscale hierarchical structures is ascribed to the material removal and particle resolidification during femtosecond laser ablation.^[@ref33],[@ref44]−[@ref46]^ When the femtosecond laser pulses are focused onto a sample surface, part of the laser energy is directly absorbed by electrons via the nonlinear effect, such as multiphoton absorption and avalanche ionization. Some energy is further transferred from the electrons to the lattice until the thermal equilibrium between electrons and ions occurs. A high-temperature/pressure plasma forms above the sample surface. As the plasma expands and bursts out of the laser-ablated spot, the sample surface will be strongly damaged. The material at the laser-focused point is removed with the plasma burst and is sputtered above the substrate in the form of ejected particles. This process usually leads to a microscale rough structure on the substrate. As the nanoscale-ejected particles that are at the molten state fall back to the sample surface and resolidify, the nanoparticles finally coat over the surface of the laser-ablation-induced microstructures, resulting in a kind of micro/nanoscale binary structures.

The wettabilities of water droplets and underwater liquid PDMS droplets on the sample surface were investigated by measuring CA and sliding angle (SA). The untreated flat silicon is inherently hydrophilic with the water CA (WCA) of 44 ± 3° to a small water droplet ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Once a water droplet was dispensed onto the laser-structured surface, the droplet would spread out quickly. The measured WCA is about 0° ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), demonstrating the superhydrophilicity of the textured surface. The hydrophilicity of the silicon surface is enhanced by the laser-induced microstructure because the rough microstructure has the ability to amplify the natural wettability of a substrate.^[@ref24]−[@ref27]^ The flat silicon surface shows ordinary polymphobicity with a polymer CA (PCA) of 141.5 ± 2.5° and high adhesion to a liquid PDMS droplet in water ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). The uncured liquid PDMS droplet can stick on the silicon surface as the sample is tilted at any angle. Regarding the laser-treated surface, an underwater PDMS droplet could keep a spherical shape on the surface ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). The PCA is measured to be 159 ± 1° and the CA hysteresis is only 5 ± 1.8°. As long as the sample was tilted at 1.5 ± 0.5°, the PDMS droplet could slowly roll away (SA = 1.5 ± 0.5°) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). The results indicate that the laser-ablated silicon surface exhibits underwater superpolymphobicity and very low adhesion to liquid PDMS droplet; that is, the laser-ablated surface greatly repels liquid PDMS in water.

![Wettabilies of the flat silicon and the laser-ablated silicon surfaces. (a,b) Water droplet on the silicon surfaces in air: (a) untreated surface and (b) laser-structured surface. (c,d) Liquid PDMS droplet on (c) untreated surface and (d) laser-ablated surface in water. (e) Process of a liquid PDMS droplet rolling on the rough surface in water.](la-2019-010639_0003){#fig3}

The potential wetting model between the liquid PDMS droplet and the laser-structured surface is proposed to well understand the underwater superpolymphobicity of the laser-structured surface. The wettability of a liquid droplet on the flat solid substrate is generally explained by Young's model.^[@ref47]^[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the wetting state of a solid/PDMS/water three-phase system. The PCA (θ~PW~) of an underwater polymer droplet on the flat surface can be expressed bywhere γ~PA~, γ~WA~, and γ~PW~ are the free energies of polymer/air, water/air, and polymer/water interfaces, respectively. θ~P~ and θ~W~ are the CAs of polymer and water droplets in air. The liquid PDMS has a much smaller surface tension than water (γ~PA~ ≪ γ~WA~), so the values of cos θ~P~ and cos θ~W~ are all positive, and γ~PA~ cos θ~P~ -- γ~WA~ cos θ~W~ is negative.^[@ref47]^ From [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, it can be predicted that flat silicon surface presents polymphobicity underwater.

![Wetting state between a liquid PDMS droplet and silicon surface in water. (a) Flat silicon surface. (b) Laser-induced rough silicon surface.](la-2019-010639_0004){#fig4}

Regarding the laser-ablated surface with micro/nanoscale structures, water can fully wet the microstructures because of the superhydrophilicity and occupy the whole space between surface microstructures as the sample is dipped into water. The water layer trapped in microstructures can provide a repulsive force to the PDMS droplet because of the insolubility between water and liquid PDMS. The trapped water cushion allows the liquid PDMS droplet to only touch the peaks of the surface microstructures. In fact, the liquid PDMS is on a composite solid--water interface. The contact model between the underwater PDMS droplet and rough surface microstructure agrees well with the underwater Cassie state ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b).^[@ref47]^ Therefore, the laser-structured silicon surface exhibits underwater superpolymphobicity. The high PCA (θ~PW~^\*^) of an underwater polymer droplet on the textured silicon surface can be expressed bywhere *f* is the projected area fraction of the polymer touching the surface microstructures, θ~PW~ is the PCA on a flat surface underwater. From [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, the *f* can be calculated as 0.306 based on the measured values of CAs (θ~PW~^\*^ = 159°, θ~PW~ = 141.5°), demonstrating that the underwater liquid PDMS droplet is in contact with a small area of the laser-induced surface microstructures.

Femtosecond laser pulse has two unique characteristics: ultrashort pulse width and ultrahigh peak intensity. Such features endow the femtosecond laser with the ability to ablate almost all of the known materials, so various hierarchical microstructures can be easily created on the surfaces of different material substrates through one-step femtosecond laser ablation.^[@ref34]−[@ref37]^ In addition to the silicon surface, underwater superpolymphobicity can also be achieved on a wide range of other hydrophilic materials by femtosecond laser treatment. For example, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--d shows the surface microstructures of laser-ablated glass, stainless steel, Al, and Cu substrates. Those materials are intrinsically hydrophilic ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e--h) and become superhydrophilic after laser treatment. When the laser-structured samples are submerged in water and liquid PDMS droplets are dispensed onto the sample surfaces, all the PDMS droplets are spherical with the PCA higher than 150° ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}i--l). Therefore, the hydrophilic substrates exhibit excellent underwater superpolymphobicity after femtosecond laser ablation.

![Underwater superpolymphobicity of different substrates after femtosecond laser treatment. (a--d) Laser confocal microscopy images of the laser-structured sample surfaces. (e--h) Water droplets on the untreated flat sample surfaces in air. (i--l) Liquid PDMS droplets on the laser-structured sample surfaces in water. Substrates: (a,e,i) glass, (b,f,j) stainless steel, (c,g,k) Al, and (d,h,l) Cu.](la-2019-010639_0005){#fig5}

Different from water and oil liquids, many liquid polymers such as PDMS can be cured and become a solid state. We can selectively design the adhesion between liquid polymer and solid substrate or change the shape of the liquid polymer by using superpolymphobic microstructures. The shape of the liquid polymer will be fixed permanently when it solidifies, e.g., liquid PDMS can be cured at high temperature. Therefore, superpolymphobicity of the laser-induced microstructures can be applied to control the shape of cured polymer materials and enable designing the polymer--substrate adhesion.

Conclusions {#sec4}
===========

In conclusion, underwater superpolymphobicity was achieved on various hydrophilic substrates by simple femtosecond laser processing, including semiconductors, glass, and metals. Femtosecond laser ablation endows silicon surface with hierarchical micro/nanostructures. The liquid PDMS droplet on the resultant surface has a PCA of 159 ± 1° and SA of 1.5 ± 0.5° in water, demonstrating that the laser-structured surfaces show excellent underwater superpolymphobicity and extremely low adhesion to the underwater PDMS droplet. The adhesion between the liquid polymer and a solid substrate can be effectively prevented by the underwater superpolymphobic microstructures. The underwater superpolymphobicity results from the underwater Cassie wetting state between the liquid PDMS droplet and the laser-induced surface microstructure. Following the formation mechanism of underwater superpolymphobicity and the building principle of underwater superpolymphobic microstructures reported in this paper, we believe the underwater superpolymphobicity can also be achieved on material surfaces by using various microfabrication methods besides laser processing. Current research will have wide potential applications in reducing the polymer/solid adhesion and controlling the shape of the polymer materials.
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